Previous research in this laboratory led to the conclusion that the low temperature intergranular fracture mode in Fe-Mn alloys is microstructurally determined, and does not require metalloid segregation or other chemical contamination. That conclusion was tested in the present investigation, which used high resolution scanning Auger microscopy to study the intergranular fracture surfaces. The fracture mode at liquid nitrogen temperature was found to be intergranular fracture whenever the alloy was quenched from the austenite field, irrespective of the austenization time or temperature.
INTRODUCTION
The low temperature mechanical properties of Fe-Mn alloys have been the subject of active research over the last several years (1) (2) (3) (4) . This research is motivated by the potential economic benefit from replacing nickel by manganese in cryogenic structural steels and by the possibility that austenitic grades of Fe-Mn may offer particular advantages in structural applications at 4K. The research in this laboratory (5) (6) (7) (8) (9) has concentrated on the development of ferritic grades having manganese contents in the range 5-12 wt.%.
One intriguing feature of the Fe-Mn system (5-8) is the anomalous change in its mechanical properties as the manganese content is increased from 8 to 12 wt.%. While the alloy yield strength increases monotonically over this composition range, the ductile-brittle transition temperature falls ( Fig. 1) .
At the same time the fracture mode below the ductile-brittle transition temperature changes from a typical transgranular cleavage at the 8% manganese level to a virtually complete intergranular failure in the 12% manganese alloy (Fig. 2) . The Fe-Mn system hence provides the only example known to us in which a simultaneous increase in strength and shift to an intergranular brittle fracture mode is associated with a decrease in the ductile-brittle transition temperature.
The as-quenched microstructure of the Fe-Mn binary also changes dramatically over the 8-12% manganese range. At 8% manganese the alloy quenches into the dislocated lath martensite structure shown in Fig. 3a, while at 12 wt.% manganese the as-quenched structure is the irregular blocky martensite shown in Fig. 3b . The change in microstructure appears to be associated with the intrusion of the hexagonal s-martensite phase, which first appears at approximately 10 wt.% manganese, precedes the a' martensite in the transformation sequence, and, along with a slight admixture of residual austenite phase, forms the block boundaries of the blocky martensite structure (Fig. 4) (8) .
It is therefore natural to seek an interpretation of the anomalous change in the mechanical properties of the alloy in terms of the striking changes in its microstructure. Such an interpretation was proposed by Hwang and Morris (8) after a careful investigation of the microstructure and intergranular fracture mode in Fe-12Mn. They suggested that the lowering of the ductile-brittle transition temperature as the manganese content is raised from 8 to 12 wt.% is due to an effective grain refinement caused by the shift to the irregular blocky martensite structure. In this interpretation the intergranular failure is not due to any catastrophic weakness of the grain boundaries, but rather to the fact that the toughening of the matrix has the consequence that the intergranular fracture path is the'~eak lin~· in the alloy. Low resolution Auger spectroscopic studies of the intergranular fracture surface failed to reveal any consistent chemical segregation on the grain boundary, and it was therefore concluded that the intergranular fracture path is not only the'~eak lin~'in the structure but is inherently so.
A knowledgeable referee who reviewed reference 8 for Metallurgical
Transactions was prepared to accept, provisionally, the microstructural interpretation of the intergranular fracture mode, but felt that a reinvestigation of the intergranular surface using more sensitive Auger spectroscopy than was available to us at that time would nonetheless reveal a metalloid contaminant source for the intergranular failure in the as-quenched condition. 
EXPERIMENTAL PROCEDURE
Alloys of nominal composition Fe-12 wt.% Mn were cast after induction melting in an argon gas atmosphere. The impurity levels in the alloy were maintained at the lowest practical levels to reduce their possible effects, and are given in Table I . After casting, the ingots were homogenized in vacuum at l200°C for 25 hrs, and then upset cross-forged at ll00°C to 25 mm thickness. Blanks cut from these plates were austenized for 2 hrs at temperatures ranging from 850-1200°C to determine the influence of austenization temperature and were austenitized for times up to 100 hrs at ll00°C to determine the effect of austenization time. The blanks were then water quenched to room temperature.
Following heat treatment specimens of two types were cut from the asquenched blanks. ASTM standard Charpy V-notch specimens were cut longitudinal to the rolling direction and broken by impact at Jiquid nitrogen temperature (-196°C). Specimens for Auger analysis were machined from the longitudinal direction 32.0 mm length and 3.68 mm diameter, then notched 3.05 mm for in situ fracture in the specimen chamber.
Microstructural and fractographic analyses were conducted using standard optical, transmi~sion electron microscopic, and scanning electron microscopic techniques. An energy-dispersive x-ray spectrometer (EDAX) was used for chemical analysis of precipitates on the fracture surface of broken Charpy specimens. and depth profiles of the grain boundary composition were made in a PHI model 590 scanning Auger microscope. An ~ situ fracture stage was used to prepare fresh fracture surfaces in an ultra high vacuum of approximately 6 x lo-10 Torr. The analyses were done using a primary electron energy of either 2 kV or 5 kV, and an electron beam whose size was controlled at 0.3 to 2 ~m depending on the nature of the region to be analyzed. At least 10 points on each intergranular fracture surface were selected by scanning electron microscopy and analyzed with 0.3% energy resolution. The peak-to-peak modulation used was either 3 eV or 6 eV depending on the energy scanning range. The time constant was 0.003 sec. and the energy sweep rate was 0.5 eV/sec. In most cases, the data was automatically accumulated in the MAC system provided with the model 590 using the parameters: Time/point= 50 msec, peak-to-peak modulation= 6 eV, and volt/step= 1 eV. Chemical composition of the fracture surface was obtained from Auger peak-to-peak amplitude of each element and its relative sensitivity (10) . The depth profiles were made by sputtering with purified argon gas using Auger microscopy (SA~) as described above. A typical Auger spectrum is shown in Fig. 7 along with a SEM fractograph taken from the SAM. The characteristic Auger electron peaks of the metalloid impurities usually associated with intergranular embrittlement, S, P, As, Sb, and Sn (11-13), are absent from this and other high resolution Auger spectra taken on these fracture surfaces.
The only apparent segregant is carbon, which is responsible for the small peak at 272 eV. The common metalloid impurities are also absent from high resolution Auger spectra taken from the intergranular fracture surface of the specimen annealed for 100 hrs at ll00°C (Fig. 8) , though in this case a small nitrogen peak is found at 379 eV.
Significant sulfur and oxygen peaks were, however, occasionally found in low resolution Auger spectra made using a relatively large primary beam size (~lo ~m). The fact that these peaks are absent from the high resolution spectra suggested that they might be due to sulfide or oxide inclusions in the grain boundary. Two types of small, spherical inclusions were found to be present in low density on the intergranular fractur surface, as shown in Fig. 9 . The EDAX analysis included in the figure reveals that one set of inclusions (type 2) is essentially MnS, while the second (type 1) is a Mn-rich inclusion which may be an oxide or carbide. A more detailed Auger spectroscopic analysis is given in Fig. 10 , which shows the comparative spectra of inclusions of each of the two types (labelled land 2), a depression from which an inclusion has apparently been removed (labelled 3), and the matrix away from these defects (labelled 4). The spectra show that Analysis of the Mn concentration shows that the Mn content of the fractured grain boundary is nearly equal to that in the bulk, and the Mn composition is nearly constant with depth below the fracture surface (Fig. 13) .
While there is prior evidence (5, 14) for Mn accumulation in the prior austenite grain boundaries when martensitic Fe-Mn alloys are tempered, the present results show no significant grain boundary accumulation of Mn during annealing in the austenite phase, even when that annealing is done for 100 hrs at ll00°C.
Carbon, on the other hand, apparently does segregate to the austenite grain boundaries during annealing in the austenite phase. A carbon peak was consistently found in the high resolution Auger spectra taken from all fracture surfaces examined. The consistency of the carbon peak led to an investigation of its possible source in the contaminant gas of the instrument, particularly via carbon monoxide decomposition on the cold, fresh fracture surface. But while CO is present in the residual vapor (Fig. 14) , the vacuum levels used in this work (5 x 10-lO to 1 x 10-9 Torr) the carbon peak was consistent in amplitude and oxygen peaks were absent for -20 min. after fracture.
The carbon concentration on the intergranular fracture surface was small but independent of austenization temperature or time for the range of conditions studied. The intergranular carbon concentration did vary slightly with the bulk carbon content, from -D.4 at.% in an alloy with 30 ppm C to -0.6 at.% in an alloy with 190 ppm C. The sputter profile (Fig. 13) shows that the carbon is confined to the immediate vicinity of the intergranular fracture surface, and reaches its bulk composition within 30 A of the surface. Previous researchers (15, 16) have suggested that the chemical state of the carbon can be determined from the shape of the Auger peak. The Auger peak shape (Fig. 15) resembles that which these workers associate with carbide rather than free carbon. But given the uniformity of the carbon distribution, its low concentration, and the absence of carbide-forming co-segregants, it seems likely that the Auger peak shape reflects the nature of carbon bonding in the grain boundary rather than showing the presence of any definable carbide.
Nitrogen segregation was found only in the specimens which had been austenitized for very long time (100 hrs at ll00°C) and at inclusion interfaces. The nitrogen profile resembles that of carbon (Fig. 13) ; where nitrogen is found, it is narrowly confined to the intergranular region.
DISCUSSIONS AND CONCLUSIONS
The results of this investigation generally support the hypothesis ad- The role of carbon, however, remains uncertain. While carbon is generally believed to promote grain boundary cohesion (17) carbide formation can contribute to intergranular embrittlement (18, 19) . In the present case the carbon concentration on the intergranular fracture surface is small, and if there is a carbide, it is a subtle one. Nonetheless the carbon accumulation is consistent and may contribute to the strong preference for intergranular fracture. Its role needs further investigation. 280 300 XBL804 -5058
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